Abstract. Differences in the reactivity of cytochrome c toward external oxidants ferricyanide and cytochrome c peroxidase enzyme-substrate complexes in the intact and fragmented membranes may be easily explained on the basis of different locations of cytochrome c. The oxidation of cytochrome c is nearly 100% in the intact mitochondria, suggesting its location to be on the outside of the membrane permeability barrier and freely accessible to the external oxidants. In the sonicated membrane fragments, only 40% of cytochrome c reacts with ferricyanide or ES complex. Cytochromes c, cl, a, and a3 are oxidized roughly in the same proportion by the external oxidants. These data suggest the existence of complete cytochrome chains on both sides of the membrane permeability barrier in the submitochondrial particles, and serve to explain a number of hitherto unresolved complexities concerning their electron transfer and energy coupling reactions. Energy coupling and controlled electron flow occurs in sets of cytochromes cl, a, a3 on the same side of the membrane permeability barrier.
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Kinetic studies on electron transfer in mitochondria and their fragments have proven very fruitful in elucidating basic reaction mechanisms of electron transfer. The long-recognized structure of the respiratory chain visualizes it as a more-orless branched chain of several components embedded in a lipid-protein environment able to undergo sequential oxidation-reduction reactions. ' The reactions occur in a stepwise manner; in each step two components of different redox potential participate, the component of a higher redox potential oxidizing that of the lower one. The final physiological oxidant is oxygen, which becomes reduced by cytochrome a3. Thus, cytochrome c is not oxidized directly by oxygen, but via cytochromes a and a3, and its over-all reactivity towards oxygen depends on two factors: (1) the rate of electron transfer between cytochrome a and a3 and between cytochrome a3 and oxygen, and (2) the specific location of cytochrome c in the membrane which determines its orientation towards cytochrome a and a3.
In order to evaluate these factors, cytochrome c oxidants of known orientation with respect to the membrane have been explored. One of them is a physiological oxidant of protein nature, cytochrome c peroxidase ES complex; another one is ferricyanide, which is a small anion of simple structure possessing Welldefined characteristics. It has been known since the early studies of Slater2 and the more recent studies of BrauvAt et al. 3 that it can readily oxidize soluble, 928 as well as membrane-bound, cytochrome c. Its influence on the steady-state oxidation of various respiratory chain compoinents was measured by Estabrook.4 The differences in Atichealis constants for differentt cytochromes led this author to conclude that the preferential locus of interception of the respiratory chain by ferricyanide was cytochrome c.
Recent extensive studies on fluorescent probes reveal anl unexpected heterogeneity and complexity of the membrane structure.5'6 The existence of macroscopic and microscopic permeability barriers is suggested by the differences in kinetic response of the various regions of the membrane to the fluorescence probes. Ferricyanide, in addition to its redox change capabilities, is a highly charged anion which might have different accessibility to the various regions of the membrane, e.g., those occupied by cytochrome c, and thus serve as a probe of cytochrome c localization.
Preliminary results obtained with 100 gl\L, ferricyanide as oxidant confirmed those of Estabrook.4 Ferricyanide readily oxidizes cytochrome a, cl, and c, either independently (their potentials are very close to each other)7' 8 or indirectly via cytochrome c, as a result of a very rapid internal equilibration. The steady-state oxidation of the cytochromes reached by ferricyanide in the mitochondria is close to that obtained with oxygen. Thus, the regions of the membranes housing cytochromes a, cl, and c seemed to be freely permeable to ferricyanide. The situation changed dramatically in the sonicated mitochondrial fragments, in which only about 40% of cytochrome c, cl, and a became oxidized by ferricyanide. These results were verified by parallel experiments with cytochrome c peroxidase complex ES as the oxidant of the cytochromes, and they essentially confirmed the data obtained with ferricyanide. These findings, suggestive of impermeability of some regions of the membrane to the external oxidants, might bear important consequences on our picture of the membrane structure and prompted us to use ferricyanide the peroxidase complex ES as a tool to investigate the respiratory chain of the intact and fragmented membranes.
Materials and Methods. Rat liver mitochondria were isolated in mannitolsucrose EDTA medium according to the method of Schneider,9 and rat liver inner membranes were separated essentially according to the procedure of Parsons et al.,'0 as described by Erecin'ska and Chance."
Beef heart mitochondria were isolated according to Low and Vallin12 and beef heart submitochondrial particles were isolated by the sonication procedure of Lee and Absorbancy changes were measured with a dual wavelength spectrophotometer equipped with 500-mm focus monochromators and a rapidly responding demodulator for the alternating waveform, which permitted readout times of 20 msec. The wavelength pairs used for the measurements were: 550-540 nm for cytochrome c, 554-540 nm for cytochrome cl, 605-630 nm for cytochrome a, and 445-455 nm for cytochrome a + a3.
Protein was determined by the biuret method. Yeast cytochrome c peroxidase was isolated from bakers' yeast according to the method of Yonetani and Ray"5 and was a kind gift from Dr. T. Yonetani.
Ethylhydrogen peroxide was synthesized by a modification of Williams and Mosher procedure" and was a generous gift from Dr. G. R. Schonbaum.
Results. Oxidation of reduced cytochromes cl, c, a, and b by ferricyanide in intact and fragmented mitochondria: The response of the reduced cytochrome cl, c, a, and b in the intact mitochondria to the addition of 17 MM oxygen and 110 M1\i ferricyanide is shown in Figure 1A . The charts show that after the Beef heart mitochondria 4.0 mg prot/ml, 6 .0 mM succinate, 10 Fig. 1 . the membrane structure, e.g., treatment with lubrol or triton X-100, does oxidation of the cytochrome c in the submitochondrial particles reach the level obtained with the intact membranes ('90%) (unpublished data). In a sharp contrast to the behavior of cytochromes a, cl, and c, cytochrome b of the submitochondrial particles is oxidized in nearly 80% of the value reached with oxygen; thus, it follows the pattern observed in the intact mitochondria. This finding is of great importance in identifying the regions of the membrane in which transmembrane electron flow can occur.
Oxidation of cytochrome a3 by ferricyanide: Several difficulties arise in measuring the oxidation of cytochrome a3 by ferricyanide. Firstly, the redox potential of cytochrome a37 (390 mV) is very close to that of ferricyanide ('-.400 mV). Secondly, the wavelength pair used for cytochrome a3 measurements (445-455 nm) does not resolve between cytochromes a and a3. Finally, at this wavelength ferricyanide itself absorbs very significantly and interferes with the cytochrome measurements. One way to avoid the difficulty is to raise the potential of ferricyanide couple towards the potential of cytochrome c peroxidase complex ES formed by adding ethylhydrogen peroxide under anaerobic conditions, This complex is a very effective oxidant for ferrocyanide and thus provides a ferrocyanide trap; furthermore, a low concentration of ferricyanide can be used, which eliminates color interference problem. The potentials obtained under these conditions were shown to be 100 mY or more above 400 mV of ferricyanide alone. The basis for distinguishing between cytochrome a and a3 was furnished by the fact that cytochrome a3-CO complex has a negligible absorbance at 445-455 nm.
Using the combined ferricyanide-cytochrome c peroxidase complex ES system, an oxidizable component was shown at 445-455 nm which was greatly diminished in amplitude by the addition of carbon monoxide. Since the changes observed in the presence of CO are caused by cytochrome a exclusively, the diminished response to the combined oxidants indicates that cytochrome as can be oxidized by ferricyanide, providing that the l)otential of this oxidant is sufficiently high.
In the intact membrane, cytochrome a3 is oxidized above 50%0/0 as compared with oxygen, and follows closely the value received for cytochrome a (r60%7) and cytochrome c (-70%7). In the fragmented membranes, it is oxidized in about 20%, which is also in agreement with the values for cytochrome cl, c, and a.
Cytochronie c peroxidase ES complex as cytochrome c oxidant: In the mitochondria (Table 1) , cytochrome c peroxidase ES complex can oxidize cytochrome c and the steady-state oxidation level can exceed 80% providing that membranous cytochrome c has been exposed to cytochrome c peroxidase, as by the damage or by stripping off the outer membrane; the flux of the reducing equivalents has to be sufficiently lowered (e.g., with antimycin A). The latter is important since the oxidation of reduced cytochrome c by cytochrome c peroxidase ES complex is not a very efficient reaction and a high flux of reducing equivalents lowers the oxidized steady state of cytochrome c. On the other hand, in submitochondrial particles, even when the two above-mentioned conditions are satisfied, oxidation of reduced cytochrome c by cytochrome c peroxidase ES complex does not exceed 30%O of the value obtained with oxygen, confirming the validity of the data obtained with ferricyanide as oxidant.
Discussion. The experimental data raise a number of questions concerning the structure of the membrane and location of the respiratory chain within the membrane. The accessibility of over 90% of the cytochromes to the ferricyanide in the intact mitochondria suggests that this charged anion can readily penetrate the outer mitochondrial membrane and reach the bulk of the respiratory chain components. In submitochondrial particles, however, only about 40% of the cytochromes appear to be accessible to ferricyanide. This indicates that the reaction of cytochrome c molecules, either with each other or with ferricyanide, proceeds actively in one portion of the membrane while it is inhibited in another portion. This might result from two completely different causes. Firstly, a membrane component, e.g., lipid, may obscure the active sites of cytochrome c, the situation being analogous to that described by Smith et al., 7 in the antibody-cytochrome c reaction. However, since only portions of cytochromes cl and a are oxidized by ferricyanide, the mechanism implies that similar changes occur at the level of all of the cytochromes. One has also to accept, in order to explain the 100% oxidation of the cytochromes by the lipophilic oxygen molecule that any inhibitory process in the cytochromes does not prevent their oxidation when oxygen is used as an oxidant. A more likely explanation is the existence of a membrane permeability barrier inaccessible to ferricyanide and cytochrome c peroxidase ES complex, but freely permeable to oxygen. The existence of such a barrier is suggested by the experiments in which triton X-100 was used to make the entire complement of the respiratory chains of submitochondrial particles accessible to ferricyanide. Some light can be shed as to the nature of this barrier by the experiments performed on black lipid membranes.-1 The addition of ferricyanide up to 1 mM concentration does not change the conductivity properties; and the appearance of this ion on the other side of the membrane has not been noted. Hence, lipid bilayers seem to be impermeable to ferricyanide.
Two hypotheses can be put forward to explain the idea that a portion of the membrane is impermeable to ferricyanide and permeable to oxygen. The first and simplest explanation is that sonication gives heterogenous population of vesicles of which 40% have their respiratory chains on the outside and 60% on the inside. The former population represents particles which have retained the sidedness of the intact mitochondria and the latter, those which have the reversed sidedness ("inside-out" particles). The great preponderance of the projecting subunits ("knobs") on the outer surface characteristic for the inside-out particles and documented by the electron microscopic pictures of the negatively stained preparations as well as nearly 100% inhibition by antibody against F119 (ATPase) argue against such great population heterogeneity and raise serious doubts about the validity of this hypothesis.
The second and more likely explanation is that a single particle is "bisided" with respect to the location of respiratory chains; 60% of the chains are on the inside of a barrier which is impermeable to the ferricyanide anion, and 40% of the chains are located on the outside and are freely accessible to ferricyanide (Fig. 3, left) . This model further identifies the inside chains of membrane fragments as the phosphorylating ones and the outside chains as the nonphosphorylating ones. There are four experimental observations that are consistent with our model (Fig. 3, right) : (1) the inability to demonstrate energy coupling when ascorbate and tetramethyl p-phenylene diamine are used as substrates20 can be explained on the basis that these substrates activate only the outside, nonphosphorylating chains, which results in very little or no respiratory control; (2) the failure to show energy coupling in the span of NADH-ferricyanide in submitochondrial particles2' can be similarly explained by the accessibility to ferricyanide limited to the outside, nonphosphorylating chains; (3) phosphorylation obtained with Q122 as electron acceptor indicates that a highly lipophilic Q, easily penetrates the permeability barrier and may accept a portion of the electrons from the inside chains and result in phosphorylation; and (4) biphasic kinetics of reduction of respiratory carriers with NADH pulses in KCN-blocked particles have been previously explained by Lee et al., 20 on the basis of adjacent coupled and uncoupled respiratory chains in the submitochondrial particles.
A conclusion which can be drawn from this consideration is that the chains on different sides of the membrane have different respiratory control and energy coupling patterns. One can propose various arguments as to why this happens. At site II, one could attribute the difference of the chains to different types of cytochrome b; the low potential b being located on the outside, and the high potential b on the inside.23 A more attractive explanation, which is applicable to all sites is that there is a sidedness not to electron flow but to the relationship between the electron flow and energy coupling. The fact that ATPase is located on one side of the membrane and the phosphorylating chains on the opposite might not be a mere coincidence, but may be a consequence of a necessary structural arrangement, which suggests that the energy transfer pathway involves a transmembrane shuttle of intermediates of the energy coupling-reactions.
A possible exception to this explanation may ultimately be afforded by studies of yeast mitochondria in which it appears that the majority of the respiratory components of submitochondrial particles are accessible to ferricyanide at the same time as electron microscopic data suggest that "knobs" are observable on the outside of these particles.
Two observations of general interest can be further deduced from the model. The first is that a transmembrane electron flow is a key feature of chemiosmotic hypothesis for the coupling of electron and ion flow (Fig. 3, right) . The submitochondrial particles in which the competent chains are located on both sides of the permeability barrier afford a model system in which it is possible for the first time to study the transmembrane electron flow.
The most obvious transmembrane electron flow to be expected is that from outside oxidized cytochrome a to inside reduced cytochrome c. Other possibilities are from outside oxidized c to inside reduced cytochrome c; according to electron equilibration reaction observed in solution by nuclear magnetic resonance techniques24 and under our conditions, which are expected to equilibrate in half times of several seconds. The fact that electron equilibration between oxidized a3, a, c, or cl with complementary inside components fails to occur gives, for the first time, experimental evidence against the existence of such electron flows. It also gives evidence, at least in submitochondrial particles, against the hypothesis based largely on the ready extractability of cytochrome c, i.e.; that it can act as a highly mobile carrier of electrons,25 presumably in a transmembrane fashion. At the level of cytochrome b, however, electron equilibration of the two chains occurs. Since cytochrome b, Q, Fp have similar redox potentials, easy equilibration between these components is to be expected, and any one of them can serve as the transmembrane shuttle. The capability of Q, to operate as a transmembrane acceptor, the known lipophilicity of coenzyme Q analogs, and finally, the large surplus of Qjo in the mitochondria, all point to Qio as the most likely candidate for the transmembrane shuttle. For this reason, coenzyme Q has been illustrated in a central position of Figure 3 (right) . Further experimental evidence is, however, required to substantiate this hypothesis.
Lastly, this model suggests that the size of the membrane fragments from which the respiratory chain is reassembled after disruption in the intense cavitation caused by sonication is much smaller than the cristae themselves, and may even be of molecular dimensions. Thus, even molecular elements of the membrane may be released momentarily during sonication and may rapidly reenact some stages of biological membrane assembly, but at a much more rapid rate and in an orderly manner. According to this view the assembly of the cytochrome chain is spontaneous and if this occurs on the appropriate side of the membrane permeability barrier energy coupling is reconstituted as well.
